Fish were inoculated with various microorganisms present in wastewater. A threshold concentration was determined over which these microorganisms were recovered from the muscles. The treshold concentrations were different for bacteria, bacteriophages, and polio 1 LSc virus. The threshold values were lower when fish were inoculated than when they were immersed in water containing these organisms. Depuration experiments were efficient when the fish did not contain high concentrations of bacteria in their muscles. As the threshold concentrations are an expression of the capability of the immune system of the fish, these values can be useful for the design and management of fishponds in which treated wastewater is used. An extensive study of the possible public health implications of fish grown in wastewater has been conducted in our laboratory (7). Although the use of human and animal wastes in fishponds has been known and practiced for centuries (10), not much information is available on the growth of fish in domestic wastewater. While it is satisfactory as a source of nutrients (12), domestic wastewater presents a number of problems, including the presence of a variety of human pathogens (10), which, if incorporated into the fish, may constitute potential hazards for handlers and consumers (11, 13, 15, 17) . The study in our laboratory comprised two parts: field experiments and laboratory experiments (5, 7).
An extensive study of the possible public health implications of fish grown in wastewater has been conducted in our laboratory (7) . Although the use of human and animal wastes in fishponds has been known and practiced for centuries (10) , not much information is available on the growth of fish in domestic wastewater. While it is satisfactory as a source of nutrients (12) , domestic wastewater presents a number of problems, including the presence of a variety of human pathogens (10) , which, if incorporated into the fish, may constitute potential hazards for handlers and consumers (11, 13, 15, 17) . The study in our laboratory comprised two parts: field experiments and laboratory experiments (5, 7) .
In the field experiments, three fish species (carp, tilapia, and silver carp) were introduced into ponds containing treated domestic wastewater and monitored during their growth period (120 days) by regular examinations of the pond water and the fish for the presence of bacteria, bacteriophages of Escherichia coli B, and human enteric viruses. The field experiments indicated an existing correlation between the concentration of bacteria in the pond water and their presence in the organs and muscles of the fish. There seemed to be a certain pattern of penetration that included some bacteria and excluded others. For example, E. coli strains, although found in the pond water, frequently at concentrations of 106 organisms per 100 ml, were only rarely recovered from the organs and muscles of the fish; on the other hand, bacteria like Citrobacterfreundii, present in the water in lower concentrations, were usually recovered from the organs of the fish. These and other similar findings indicated a dissimilarity in behavior that could be elucidated only by controlled laboratory experiments.
The laboratory experiments were designed to validate and enforce results obtained in the field experiments and test assumptions based on observations made during the field experiments.
The problems to be elucidated were (i) the possible existence of a pattern of penetration of various organisms, bacteria, bacteriophages, and animal viruses, into the organs and muscles of the fish; (ii) the existence of a threshold concentration over which the various organisms might be able to penetrate freely into the organs and muscles of the * Corresponding author. fish; (iii) the threshold values for different organisms; and (iv) the effect of depuration of polluted fish.
MATERIALS AND METHODS
The experiments comprised three parts: inoculation of fish with microorganisms present in wastewater, exposure to microorganisms in the water, and fish depuration.
Fish used in the experiments. Tilapia aurea (Saratherodon aureus) and Israeli mirror carp (Cyprinus carpio) were used in this study. The fish weighed between 60 and 100 g each.
On arrival at the laboratory, the fish were introduced into large (250-liter) containers of clean tap water. The water was changed daily, and the fish were kept there for at least 2 weeks, after which the experiments were performed. A group of 5 to 10 fish were examined for the presence of various bacteria in the organs and muscles before and after the tap water treatment.
Fish inoculation experiments. After the cleaning period, groups of 5 to 10 fish were inoculated with various concentrations of bacteria and viruses. The tests were performed by administering the organisms tested directly into the esophagus of the fish by means of a capillary cannula attached to a 1.0-ml syringe. The volume inoculated per fish was 0.1 ml. Dissections were performed 30 min, 120 min, and 24 h after inoculation, as stated for each experiment. Between inoculation and dissection the fish were kept in individual aquaria in clean water. Before dissection the fish were rinsed in tap and distilled water and immersed or flooded with a disinfecting solution containing 550 ml of ethanol, 75 ml of acetic acid, 2.0 ml of Formalin, and distilled water to 1 liter. The fish were bled by cardiac puncture, and individual blood samples were examined for the presence of the organisms inoculated. After being bled, the fish were wrapped individually in sterile gauze, introduced individually into sterile bags, and frozen for 30 to 45 min, after which they were dissected using aseptic technique and sterile tools for every organ excised. Before dissection, scales were removed from the dissecting site, and the fish was painted with a 0.5% crystal violet solution. A (14) . The recovery was done by the plaque assay technique (1) and whenever necessary by the most probable number method (14) . Polio 1 LSc virus was recovered on the Buffalo green monkey (BGM) cell line; the BGM cells were cultured in 25-ml plastic bottles (Becton Dickinson Labware) in a medium composed of 50% Eagle minimum essential medium and 50% (Leibovitz medium) to which 10% fetal calf serum and a 0.2% antibiotic mixture containing (per ml) 100 U of penicillin, 100 U of streptomycin, 100 g of mycostatin, and 20 g of kanamycin was added.
The samples were diluted 1:10 before being inoculated onto the BGM cells. If necessary, higher dilutions were made. The adsorption period was 1.5 h at 37°C, after which the cells were rinsed once with the 50% Eagle minimal essential medium-50% Leibovitz medium mixture, and an agar overlay containing neutral red was applied. The bottles were incubated at 37°C. Plaques were counted up to 12 days after inoculation.
Exposure of fish to bacteria or bacteriophages in the water. Fish were introduced into 40-liter aquaria containing a mixture of sterile extended aeration effluent and tap water, at a concentration of 1:100, to which bacteria or bacteriophages had been added. The bacteria tested were S. montevideo, and the bacteriophages were phage T2 of E. coli B. The concentrations of S. montevideo introduced into the water were 2.5 x 103 and 5.0 x 105 per ml. The concentrations of bacteriophage T2 tested were 20, 3.0 x 102, and 7.0 x 104/ml. The number of organisms in the aquaria were determined daily, and the concentration was maintained throughout the experiment.
The fish were kept in the aquaria for 9 days, after which they were dissected and examined as described previously.
One group of 10 fish was kept in the presence of bacteriophage T2 for 1 month.
Depuration experiments. After being exposed for 9 days to 5.0 x 105 S. montevideo cells per ml (as described above), a group of 10 fish were transferred to clean-water aquaria, in which the water was changed daily. The water in the aquaria was examined daily for the presence of salmonella. After 8 days, the fish were dissected and examined for the presence of salmonella in their organs and muscles. A group of five fish was examined before their introduction into depuration aquaria.
RESULTS AND DISCUSSION
Inoculation experiments. The results obtained showed the existence of a threshold concentration which differed from one organism to another. The threshold concentration has been defined as the number of bacteria which, when inoculated into the fish, causes their appearance in the muscles.
The thresholds in tilapia were different for different bacteria; for E. coli it was 2.5 x 106, for C. freundii it was 9.3 x 103, for Streptococcus faecalis it was 1.9 x 104, and for S.
montevideo it was 1.8 x 104 (Table 1 ). The thresholds were lower for the two bacteriophages tested: 4.0 x 103 for T2 and 2.0 x 104 for T4. Polio 1 virus was inoculated at a concentration of 2.0 x 104 PFU per fish, and 2.0 x 102 PFU/g were recovered from the muscles ( Table 2 ). This result indicates that the threshold for poliovirus is much lower than the concentration inoculated.
In carp, the thresholds for Streptococcus faecalis and S. montevideo were 4.0 x 104 and 3.7 x 104, respectively. For E. coli the threshold was 1.5 x 106 (Table 3) .
For bacteriophage T2 the threshold was 4.6 x 103. As for Polio 1 virus, when 2.0 x 104 PFU were inoculated, 5.0 x 102/g were recovered from the muscles (Table 4) .
Although there were small differences between the values obtained in tilapia and in carp, the pattern seemed to be similar. In all the fish tested, large numbers of the organisms inoculated were recovered from the DTC. The retention of inoculated organisms in the digestive tract is due mainly to the high concentration of phagocytic cells localized in the intestines of these fish (9) . These phagocytic cells constitute the first barrier to foreign organisms invading the fish. The most active organs in the removal of foreign organisms are the spleen and the kidneys, in which the concentration of macrophages and lymphoid cells is very high (5) . The liver is generally not considered to be an organ with high phagocytic activity (2), but according to previous investigators (8, 9, 18) , phagocytic cells analogous to Kupfer cells are found in the livers of carp. This might explain results obtained in our laboratory experiments, in which bacteria and bacteriophages in high concentrations have been recovered from the liver.
The lymphoid cells and macrophages localized in these organs express the potential of the defense mechanism of the fish. The threshold values show the limits of the system. Repeated inoculations. The repeated-inoculation experiments were designed to determine the changes in the threshold values under conditions of sustained stress. Tilapia were inoculated daily for 23 days with a suspension of bacteriophage T2 at a concentration of 104 per fish, a concentration above the threshold value. The results show a high recovery of bacteriophage within 30 min of inoculation, irrespective of the number of repeated inoculations ( Table 5 ). The highest the liver. A lower recovery of bacteriophage was observed at number of bacteriophage recovered were from the DTC 48 h after the last inoculation, indicating a tendency for the followed by the spleen, the liver, and the kidneys. After 23 elimination of bacteriophage from the fish organs. It seems days, the recovery from the digestive tract content was still that under the conditions of repeated inoculations of highest, followed closely by the spleen, then the kidney and bacteriophage T2 into tilapia, the threshold values did not change. This experiment also indicates that an interuption in bacteriophage T2 for 7 and 30 days, their concentration in the inflow of bacteria can result in the self-cleaning of the the DTC was higher after 30 days than after 7 days. At a fish. This fact may have an important bearing on the develconcentration of 7.0 x 104/ml, bacteriophage T2 were recovopment of criteria for the design of fishponds in which ered from all the organs after 7 days of exposure (Table 8 ). treated effluent is used.
When carp were exposed to salmonella, the bacteria were Simultaneous inoculations. Simultaneous inoculations of recovered first in the DTC and then in the peritoneal fluid, two organisms have been carried out to determine their spleen, kidney, and liver (Table 9 ). Salmonellae were recovinfluence on the threshold values. The organisms inoculated ered from the muscles when the concentration of the orgawere C. freundii and bacteriophage T2 of E. coli B. The nisms in the water was 5.0 X 105/ml ( Higher concentrations of the organisms were recovered threshold concentrations have not been influenced by the from the DTC of the immersed fish, and lower numbers were simultaneous inoculations of these organisms.
recovered from the organs. In the inoculated fish the recovExposure of fish to water containing bacteria or bacterioery was higher in all the organs. In the DTC, although high, phages. During the 9-day exposure of carp to microorgait was lower than in the immersed fish. nisms in the water, both bacteria and bacteriophages peneWhen comparing these results with those obtained in the trated into the fish and were recovered in various organs and field experiments (Table 12) , it can be seen that when the in the muscles of the fish. It was interesting to note that after concentration of bacteria in the water was 4.5 x 104 SPC/ml, 8 to 9 days the concentration of both organisms in the DTC at the end of the season the concentration of bacteria in all was equal to or higher than the concentration in the water the organs was high in both carp and tilapia. It can therefore (Table 7) . The concentration recovered from the organs and be stated that exposure for a long time (120 days) to muscles was lower in the exposed fish than in the inoculated concentrations of bacteria above the threshold will result in fish. Bacteriophage T2 were recovered from the DTC in all a higher concentration of bacteria in the fish. The threshold fish exposed (Table 8) . They were recovered from the values obtained in the laboratory give a good indication of peritoneal fluid when their concentration in the water was what the tolerable concentrations of bacteria in the fishpond 2.6 x 102/ml (Table 7) . When fish were exposed to should be. (8) . In their study on the phagocytic system and the fate of particulate material injected intraperitoneally into fish, Ellis et al. (9) were able to show that carbon particles were phagocytized and within 24 h most of the macrophage population contained carbon particles. At 1 h after inoculation, the carbon particles were detected in the spleen and some were seen in the kidneys. In our experiments, we were able to detect the inoculated bacteria in the blood, spleen, liver, and kidneys. If the concentration inoculated was high, we were able to detect them even in the muscles. After inoculation into the esophagus of the fish, the microorganisms penetrate through the digestive tract and are engulfed by the phagocytes. The free particles reach the bloodstream or lymph stream and penetrate the various lymphatic organs, where additional phagocytic activity takes place (3). The free particles that have not been phagocytized on the way, and are still found in the bloodstream, reach the cleaning muscles. The phagocytic cells in the lymphatic organs express the potential of the primary defense system of the fish.
The threshold values express the limits of the system over which microorganisms, including pathogens, are not retained by the natural defense mechanisms of the fish. The inoculation experiments gave us an indication on the primary defense, the nonspecific cellular immunity (8) of the fish, and its limits.
From the results of the laboratory experiments it appears that to prevent serious public health problems, the threshold values can be considered satisfactory criteria for the design and management of fishponds in which treated wastewater is used.
